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Introduction {#sec001}
============

Acute kidney injury (AKI) is a frequent complication in hospitalized patients and common diseases like diabetes mellitus or hypertension are risk factors. AKI leads to increased morbidity and mortality and represents a growing economical burden \[[@pone.0161315.ref001]\]. Frequently, it can progress to chronic kidney disease (CKD) ultimately necessitating renal replacement therapy. To date, there are no therapeutic approaches that are able to modify the natural course of AKI. Regarding the urgent need for such strategies induction of mechanisms that mediate cellular stress resistance such as longevity pathways have become a central research focus \[[@pone.0161315.ref002],[@pone.0161315.ref003]\]. A number of mechanisms prolonging life have been shown to convey increased stress resistance in a multitude of organs and species. As an example, there is ample evidence that dietary restriction and hypoxia signaling both lead to longevity and protection from organ failure \[[@pone.0161315.ref002]--[@pone.0161315.ref005]\]. Unfortunately, none of these approaches have made their way to the clinical setting yet. This is partly due to the fact that many animal models that were used depend on either genetic modifications or modes of preconditioning such as the exposure to hypoxia or caloric restriction that are difficult to translate to the clinic.

Posttranslational modifications of proteins by O-linked coupling of N-acetylglucosamine (GlcNAc) have been implicated to play a role in cell survival and elevated stress resistance \[[@pone.0161315.ref006]\]. The precursor of O- and N-glycans, UDP-N-acetylglucosamine (UDP-GlcNAc), is provided by the hexosamine pathway (HP). Recent evidence revealed that, both, activation of the HP or feeding of the resulting aminosugars leads to robust lifespan extension in mice and nematodes \[[@pone.0161315.ref007],[@pone.0161315.ref008]\]. It was shown that acute induction of the hexosamine pathway through the spliced transcription factor Xbp1s, which acts upstream of the HP, leads to organ protection in a mouse model of cardiac ischemia-reperfusion injury (IR) \[[@pone.0161315.ref009]\]. Moreover, Jensen et al. suggested that the protective effects of remote ischemic (RIPC) and ischemic preconditioning (IPC) are due to increased circulating GlcNAc levels and O-GlcNAcylation, as well \[[@pone.0161315.ref010]\]. The positive effects of the HP do not appear to be limited to the heart since GlcNAc administration before and especially after ischemia of the eye has been shown to mediate retinal cell survival \[[@pone.0161315.ref011]\].

In this study we investigated whether GlcNAc supplementation can serve as a novel treatment strategy to prevent AKI in a murine ischemia-reperfusion model. Such an approach would be of high interest, since GlcNAc is already available as a dietary supplement and there is little concern about potential side effects.

Material and Methods {#sec002}
====================

Ethical statement {#sec003}
-----------------

All animal procedures were approved by the "Landesamt für Natur, Umwelt und Verbraucherschutz NRW"(LANUV 84--02.04.2013.A158). Mice were obtained from Charles River (Sulzfeld, Germany). Standard and GlcNAc enriched chow were obtained from Ssniff Spezialdiäten GmbH (Soest, Germany). Animals were monitored on a daily basis and checked for abnormal behavior and signs of stress. Furthermore, a score sheet for premature endpoints was used. The sheet contained scores for weight loss, reduced activity and poor appearance. Mice on GlcNAc enriched chow and the corresponding controls were weighed weekly. Animals received 0.6 ml of normal saline containing 0.2 mg tramadol subcutaneously after surgery to compensate for fluid loss and to reduce pain. Mice were sacrificed by exsanguination, performed under ketamine-xylazine anesthesia administered intraperitoneally (i.p.).

Animals {#sec004}
-------

Male, wild type C57BL/6J mice were kept under identical specific pathogen free (SPF) conditions in group-cages with 5 animals. After surgery mice were transferred to single cages to prevent mutilation of the surgical wound by fellow mice. Animals were fed for 4 weeks (the age was 13 to 14 weeks at time of surgery) ad libitum with standard chow or standard chow supplemented with 0.5% GlcNAc. Given an average food consumption of 4.5 g this roughly equals 22.5 mg GlcNAc per day. Another group of mice (11 to 12 weeks of age) received 250 μl of a 10% GlcNAc solution (25 mg) or the same amount of PBS 24 hours and 2 hours prior to surgery via gavage. Ultimately, a third and fourth group of mice (11 to 12 weeks of age) were injected intraperitoneally (i.p.) with 20 mg of GlcNAc either 60 min before surgery or directly at the onset of reperfusion.

For preconditioning with caloric restriction mice received 60% of normal calorie intake for four weeks prior to surgery.

Renal ischemia-reperfusion model {#sec005}
--------------------------------

We used a warm renal ischemia-reperfusion model as described by Khan et al. \[[@pone.0161315.ref012]\] with slight modifications. Surgery was performed under ketamine-xylazine anesthesia administered i.p. Briefly, mice were placed on a temperature-controlled heating pad. Right nephrectomy was performed after midline abdominal incision. Afterwards the left renal pedicle was mobilized and clamped for 40 minutes with an atraumatic micro-vascular clamp. After visual change in kidney color to dark purple the abdomen was covered with a compress soaked in normal saline. Restoration of blood flow was inspected visually and the abdominal wound was closed in two layers. Animals were sacrificed 24 hours after reperfusion.

Sham animals underwent a right nephrectomy and mobilization of the left renal pedicle without clamping. 40 minutes later the abdominal wound was closed in two layers and after 24 h animals were sacrificed.

Functional measurements {#sec006}
-----------------------

Blood was harvested in heparin coated 1 ml syringes by exsanguination from the right ventricle. After resting for 30 minutes at room temperature, blood was centrifuged at 2500 g for 10 minutes at room temperature. Plasma urea and creatinine values were analyzed in the central laboratory of the University Hospital of Cologne utilizing a Cobas C 702 (Roche Diagnostics). Creatinine was quantified with an enzymatic test ultimately measuring a quinoneimine colorant. Urea was quantified with an enzymatic test detecting the decrease in extinction due to consumption of NADH.

Animals used for baseline measurement of serum creatinine, urea and GlcNAc were sacrificed at the same time the surgery would have been planned.

Plasma GlcNAc levels {#sec007}
--------------------

LC/MS/MS Analysis for the determination of plasma GlcNAc levels were conducted as described in Denzel et al. \[[@pone.0161315.ref008]\]. Briefly, absolute quantification of GlcNAc was done using an Acquity UPLC and XevoTM TQ (Waters). The compound was separated on a Merck zic-HILIC column 3.5μm, 200A, PEEK (50 x 2.1 mm) at 40°C. The two mobile phases consist of (A) 10mM ammonium acetate (pH 5.0) and (B) acetonitrile. With GlcNAc eluting at 0.6 min a standard calibration curve was calculated using following concentrations: 25, 50, 100, 150, 200, 250, 300, 500, 750 ng/mL (daily fresh diluted with 50% M9/MeOH individually from stock solutions 100 μg/ml). Correlation coefficient: r \< 0.990; response type: external standard, area; curve type linear; weighting 1/x. The following MRM transitions were used for GlcNAc m/z 219.9 (M-H+)- to 119.01 (quantifier) collision energy 8V, m/z 219.9 to 58.99 (qualifier) collision 14V, m/z 219.9 to 100.81 (qualifier) collision 10V, cone was in all cases 16V. The peak integrations were corrected manually, if necessary. A new calibration curve as quality control standards were used during sample analysis and showed between 0.5% and 40% deviation respectively. Blanks after the standards and each sample with 4 technical replicates, quality control and sample batch proved to be sufficient. No carry over was detected.

Histopathology {#sec008}
--------------

Formalin-fixed paraffin sections (2 μm) were stained with Periodic Acid-Schiff (PAS). 5 visual fields per section were analyzed at a 200x magnification. Pictures were taken with a Leica Slidescanner SCN4000. Sections were analyzed for acute tubular damage by an experienced pathologist with expertise in renal pathology in a blinded manner and categorized based on the presence or absence of vacuolization, epithelial flattening, loss of brush border, loss of nuclei and necrosis with a score similar to the ones used by Tirapelli et al. and Goujon et al. \[[@pone.0161315.ref013],[@pone.0161315.ref014]\]. Results were graded 0 to 4 according to the affected area. (1: 0--25%, 2: 25--50%, 3: 50--75%, 4: 75--100%).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining {#sec009}
-----------------------------------------------------------------------------

Staining was performed on formalin-fixed paraffin sections (2 μm) using the DeadEnd Fluorometric TUNEL System (Promega, USA) according to the manufacturer's protocol. For documentation, pictures were taken with a Zeiss Meta 710 confocal microscope.

Statistical analysis {#sec010}
--------------------

Statistical analysis was done with GraphPad Prism Software V6.0c. Results are presented as means ± SEM. For each experiment, at least three biological replicates were examined. To calculate differences between multiple groups we used one-way ANOVA and a Tukey's multiple comparisons test, if a Gauss distribution was assumed, and a Kruskall-Wallis test and a Dunn's multiple comparisons test, if not. For comparing two groups the Mann-Whitney test and Kolmogorov-Smirnov test were utilized. Significance of weight differences between GlcNAc and control animals was calculated with multiple t-tests.

Results {#sec011}
=======

Baseline urea and creatinine values in animals treated with GlcNAc or GlcN and control mice {#sec012}
-------------------------------------------------------------------------------------------

To examine, if GlcNAc supplementation per se affects kidney function, 14 weeks old male BL6 mice were treated with GlcNAc by either intraperitoneal injection or gavage and serum urea and creatinine were assessed. As compared to control animals without supplementation there was no statistically significant difference for serum urea between the different groups ([Fig 1A](#pone.0161315.g001){ref-type="fig"}). Interestingly, GlcNAc administration induced a slight but significant reduction of baseline creatinine ([Fig 1B](#pone.0161315.g001){ref-type="fig"}).

![Baseline characteristics of 14 weeks old male BL6 mice treated with GlcNAc or kept on ad libitum standard chow.\
A) and B) Baseline creatinine and urea values (control n = 5, GlcNAc i.p. n = 5, GlcNAc gavage n = 6) C) Plasma GlcNAc levels 2 hours after gavage of 250 μl of a 10% GlcNAc solution (n = 6) and in control animals with ad libitum access to water and standard chow (n = 5). D) Weight curves of control mice (n = 10) and mice kept on a 4 weeks ad libitum diet of chow enriched with 0.5% GlcNAc (n = 9).](pone.0161315.g001){#pone.0161315.g001}

Serum GlcNAc levels after application of GlcNac or GlcN {#sec013}
-------------------------------------------------------

Next, we wanted to confirm that GlcNAc application led to an increase in plasma GlcNAc levels. Therefore, GlcNAc levels were measured with LCMS. As expected, short term oral administration of GlcNAc led to a significant elevation of GlcNAc levels in plasma ([Fig 1C](#pone.0161315.g001){ref-type="fig"}).

Effect of GlcNAc on weight gain in ad libitum fed animals {#sec014}
---------------------------------------------------------

GlcNAc has a similar taste to sucrose with only half of its sweetness \[[@pone.0161315.ref015]\]. For mice fed with a GlcNAc supplemented diet a potentially increased food uptake and, hence, weight gain may significantly impact on organ stress resistance given our knowledge about dietary restriction mediated organ protection \[[@pone.0161315.ref016]\]. After four weeks of treatment there was no significant difference in weight gain between controls and GlcNAc fed animals ([Fig 1D](#pone.0161315.g001){ref-type="fig"}).

Effect of GlcNAc supplementation on histopathological signs of tubular damage {#sec015}
-----------------------------------------------------------------------------

We used the histopathological score, similar to the one described in Tirapelli et al. and Goujon et al. \[[@pone.0161315.ref013],[@pone.0161315.ref014]\], to assess the extend of renal damage after ischemia-reperfusion. Tubular damage at the corticomedullary border was similar in GlcNAc-treated and control animals. Furthermore, 24 hours after reperfusion we observed brush border loss, tubular flattening and casts along with necrotic areas, mainly in proximal tubuli, in all groups ([Fig 2](#pone.0161315.g002){ref-type="fig"}).

![Histology before and after IR.\
A) Damage score after inspection of 5 HPF at the corticomedullary border (control baseline n = 5, control 24 hours n = 6, GlcNAc baseline n = 11, GlcNAc 24 hours n = 14). Sections were evaluated in a blinded manner by an experienced nephropathologist. B)--D) Representative PAS stainings from kidneys before and after IR. (X 200) B) Uninephrectomy section from undamaged kidney. C) and D) Kidney sections 24 hours after the end of ischemia. Asterix marks vanishing or missing nuclei. Black arrows mark tubular casts consisting of tubular cells. Yellow arrows show necrotic areas and denuded tubuli with regions just consisting of naked basement membrane. C) Kidney from animal treated with twice oral gavage of 10% GlcNAc solution before IR. (D) Kidney from control animal with twice oral gavage of PBS before IR.](pone.0161315.g002){#pone.0161315.g002}

Effect of GlcNAc supplementation on apoptosis after ischemia-reperfusion injury {#sec016}
-------------------------------------------------------------------------------

To assess a potential effect of GlcNAc-treatment on apoptotic cell death after ischemia-reperfusion injury we performed TUNEL stainings. The assay showed extensive apoptosis after ischemia-reperfusion with no significant difference between groups ([Fig 3](#pone.0161315.g003){ref-type="fig"}).

![TUNEL stainings of mouse kidneys.\
A) Control kidney without IR damage. B) and C) Mouse kidneys 24 hours after IR. B) Control mouse on standard ad libitum chow and drinking water. C) Mouse treated with twice oral gavage of 250 μl of 10% GlcNAc solution.](pone.0161315.g003){#pone.0161315.g003}

Effect of GlcNAc supplementation on kidney function after renal ischemia reperfusion injury {#sec017}
-------------------------------------------------------------------------------------------

There are numerous publications showing that preconditioning by caloric restriction confers strong protection against renal ischemia-reperfusion injury \[[@pone.0161315.ref002],[@pone.0161315.ref017]\]. In parallel with our GlcNAc experiments we included a group of mice that was objected to a 4 weeks interval of caloric restriction as a positive control for protection against ischemic kidney injury. Treatment consisted of a caloric restriction that equaled 60% of normal caloric intake. This simple approach led to a dramatic and robust attenuation of AKI in our model that consisted of a right nephrectomy followed by 40 minutes of ischemia of the left kidney and 24 hours of reperfusion ([Fig 4G and 4H](#pone.0161315.g004){ref-type="fig"}).

![Kidney failure 24 hours after ischemia-reperfusion injury in preconditioned and control animals.\
Creatinine and urea values after unilateral nephrectomy followed by 40 minutes of ischemia and 24 hours of reperfusion (IR) of the contralateral kidney. Different dosing regimens for GlcNAc were used. A) and D) Mice were kept on a four-week ad libitum diet enriched with 0.5% GlcNAc (n = 17) or received standard chow ad libitum (n = 15). B) and E) Mice received a 250 μl PBS twice, 24 and 2 hours before IR by gavage (n = 5). In the verum group PBS contained 10% GlcNAc (n = 10). C) and F) Verum mice were injected 20 mg GlcNAc in PBS either one hour before surgery i.p (n = 3) or immediately at the end of ischemia at the beginning of reperfusion (n = 4) directly into the abdominal cavity. Baselines represent control animals from [Fig 1A and 1B](#pone.0161315.g001){ref-type="fig"} without ischemia-reperfusion injury A) and D) for untreated animals (n = 5), B) and E) for mice after gavage of 10% GlcNAc solution (n = 6) and C) and F) for mice after i.p. injection of 10 mg GlcNAc (n = 5). After four weeks of caloric restriction (n = 4) with standard chow mice are protected against ischemia-reperfusion damage compared to controls having ad libitum access to standard chow (n = 5) (G+H).](pone.0161315.g004){#pone.0161315.g004}

To test if GlcNAc protects against AKI, we subjected male BL6 mice to the same ischemia-reperfusion model as described above. There was no significant difference in creatinine or urea after ischemia-reperfusion injury in mice fed with chow containing 0.5% GlcNAc for 4 weeks compared to control animals fed with standard chow ([Fig 4A and 4D](#pone.0161315.g004){ref-type="fig"}).

Several different protocols for supplementing mice with GlcNAc have been used previously. While some groups administered GlcNAc via chow or drinking water for several weeks, as described above in our experiment, others have seen beneficial effects already after only a single bolus \[[@pone.0161315.ref018]\]. Since a four weeks approach did not show any benefit, we next decided to test if a short challenge with a high dose of GlcNAc would lead to renal protection. We fed mice a 10% GlcNAc solution via gavage 24 and 2 hours before renal ischemia-reperfusion injury. In contrast to published results that found protective effects of GlcNAc on cardiac and retinal ischemia-reperfusion injury we did not observe any protective effects after short-term treatment with GlcNAc in the kidney ([Fig 4B and 4E](#pone.0161315.g004){ref-type="fig"}). We also carried groups of sham animals along that only underwent uninephrectomy without contralateral ischemia-reperfusion injury. These animals showed a slight elevation in creatinine and urea values that was not different between animals after GlcNAc gavage and controls ([S2 Fig](#pone.0161315.s002){ref-type="supplementary-material"}).

To rule out problems with oral bioavailability as a reason for our negative results we repeated the former experiment with single GlcNAc i.p. injections. This approach did not lead to an improved outcome in the experimental animals ([Fig 4C and 4F](#pone.0161315.g004){ref-type="fig"}), either. Finally, Chen et al. just recently showed that administration of D-glucosamine (GlcN), another substrate of the HP, at the end of retinal ischemia provides even better protection than supplementation before damage \[[@pone.0161315.ref011]\]. In our model single i.p. administration of GlcNAc at the beginning of reperfusion did not lead to attenuation of kidney failure ([Fig 4C and 4F](#pone.0161315.g004){ref-type="fig"}).

Taken together, GlcNAc treatment by means of various protocols with respect to application method, timing, and treatment duration did not lead to nephroprotection in an ischemia-reperfusion injury mouse model. In contrast to GlcNAc administration, caloric restriction, an established preconditioning protocol, improved kidney function 24 hours after damage.

Discussion {#sec018}
==========

A growing body of evidence suggests improved cellular stress resistance mediated by activation of the HP or administration of the aminosugars produced by the HP. Chen and colleagues found that GlcN administration led to increased cell survival in a retinal ischemia rat model \[[@pone.0161315.ref011]\]. Jones et al. observed increased O-GlcNAcylation in myocardial tissue after ischemic preconditioning that was accompanied by cardioprotective effects \[[@pone.0161315.ref009],[@pone.0161315.ref019]\].

In the present study we analyzed the effects of GlcNAc in the context of a murine renal ischemia-reperfusion injury model. In contrast to the above-mentioned studies regarding heart and retina, we did not find beneficial effects on the outcome after renal ischemia-reperfusion injury.

Current concepts suggest that O-GlcNAcylation is capable of mediating protective as well as harmful effects but the mechanisms defining the actual outcome are poorly understood. Altered O-GlcNAc cycling has been observed in a variety of chronic diseases like diabetes, cancer \[[@pone.0161315.ref020]\], cardiovascular disease, obesity \[[@pone.0161315.ref021]\] and Alzheimer's disease \[[@pone.0161315.ref022]\]. There is evidence suggesting that acute increases in cardiomyocyte O-GlcNAcylation serve as a pro-survival signal. Zou and colleagues have shown that increased O-GlcNAcylation in hypovolemic cardiogenic shock leads to altered NF-kB signaling and improved cardiac function due to reduced inflammation \[[@pone.0161315.ref023]\]. Ngoh et al. provide evidence that O-GlcNAc transferase (OGT) overexpression in a murine ischemia-reperfusion injury model of the heart attenuated Ca^2+^ overload and ROS generation \[[@pone.0161315.ref024]\].

On the other hand, O-GlcNAcylation as typically seen in diabetes leads to altered mitochondrial protein O-GlcNAcylation, mislocalization of mitochondrial OGT and consecutively plays a role in mitochondrial dysfunction in the myocardium of diabetic rats \[[@pone.0161315.ref025]\]. Furthermore, despite its positive effects on cardiomyocytes, O-GlcNAcylation seems to have an unfavorable impact on vasomotor function, as increased O-GlcNAcylation has been shown to lead to vasoconstriction of the rat aorta \[[@pone.0161315.ref026]\].

Beyond O-GlcNAcylation, N-glycosylation and O-glycosylation that also act downstream of the HP might influence organ protective effects. N-glycosylation occurs at asparagine residues via step-by-step attachment of GlcNAc and other sugars in the endoplasmic reticulum. During maturation in the ER mainly secreted and cell surface proteins are N-glycosylated \[[@pone.0161315.ref027]\]. O-glycosylation is initiated in the Golgi and depends on a set of N-acetylgalactosaminyltransferases (GALNTs) \[[@pone.0161315.ref028]\]. It has been shown that CD95, also known as Fas or APO-1, is N-glycosylated at two extracellular sites \[[@pone.0161315.ref029]\]. CD95 signaling via procaspase-8 and various other downstream pathways regulates apoptosis and cell survival \[[@pone.0161315.ref030]\]. Shatnyeva and colleagues presented evidence for a role of N-glycosylation in the extent of CD95-induced apoptosis in cell culture. In their work N-deglycosylation of CD95 raised the threshold for apoptotic cell death \[[@pone.0161315.ref029]\]. Wagner et al., on the other hand, presented evidence for TRAIL/Apo2L mediated O-glycosylation dependent activation of caspase-8 \[[@pone.0161315.ref031]\]. These results underline the complexity of effects related to activation of the HP in the context of apoptotic cell death.

Additional parameters such as the duration of serum GlcNAc elevation, the peak levels of GlcNAc and the interplay of GlcNAcylation with further posttranslational modifications such as phosphorylation might also be of importance. Phosphorylation and O-GlcNAcylation can be found simultaneously but also function as competitors at the same or closely adjacent protein residues \[[@pone.0161315.ref032]\]. In view of these varying findings, one crucial factor determining benefit or harm might be timing and dosage. Duration of treatment, dosage and route of administration of aminosugars have been used under differing conditions in mice and rats depending on the target tissue and the pathophysiology of the underlying disease. Dosing ranged from 0.25 mg to 10 mg/g in experiments conducted in mice \[[@pone.0161315.ref007],[@pone.0161315.ref033]\]. The published durations of treatment ranged from single bolus application in acute injury models (e.g. retinal ischemia) to repeated administrations that were used mostly in chronic disease (e.g. rheumatoid arthritis, experimental autoimmune encephalomyelitis) \[[@pone.0161315.ref034],[@pone.0161315.ref035]\].

To address these issues we compared various protocols comprising oral and parenteral application as well as long and short term supplementation and also checked for adequate bioavailability. We found elevated circulating GlcNAc levels one hour after administration. Although GlcNAc has a sweet taste we could not observe differences in weight gain, when comparing GlcNAc supplemented to control animals, which argues against an increased caloric uptake. In addition, with respect to an envisioned possible use in the clinical setting, we reckon that the here-investigated strategies would seem most appropriate at least with regard to timing.

It should be taken into account that interspecies differences or tissue specific effects might explain the negative results of our study, as positive effects of amino sugars in the context of IR injury were often observed in models using rats or cell culture \[[@pone.0161315.ref024],[@pone.0161315.ref036]\]. Thus, it cannot be excluded that renal protection after IR might occur in rat or mouse strains other than C57BL/6J.

In summary, our study is the first to test GlcNAc for preconditioning in a murine model of renal ischemia-reperfusion injury. Unfortunately, with none of the employed protocols we were able to demonstrate a beneficial impact on renal protection. However, protection was successfully achieved using caloric restriction, which excludes protocol-specific problems that would render prevention of AKI impossible. We therefore have to conclude that GlcNAc supplementation does not seem to be a promising approach for clinical utilization at this time.

Supporting Information {#sec019}
======================

###### Experimental protocols.

A long term (A) and a short term (B) oral GlcNAc supplementation as well as a single shot intraperitoneal (i.p.) administration (C) were employed. I.p. application took place either one hour before ischemia (C upper panel) or directly at the end of it (C lower panel). All animals underwent right nephrectomy followed by 40 minutes of left renal ischemia (I) and were sacrificed 24 hours after restoration of perfusion (✝).

(TIFF)

###### 

Click here for additional data file.

###### Effect of sham surgery on creatinine and urea values.

Animals were preconditioned by twice GlcNAc or PBS (controls) gavage and underwent unilateral nephrectomy, followed by mobilization of the contralateral renal pedicle without IR afterwards. Serum creatinine and urea values were assessed at baseline and 24 hours after reperfusion.

(TIFF)

###### 

Click here for additional data file.
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